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ABSTRACT 
Th is  paper r epo r t s  t he  r e s u l t s  of one o f  the  tasks of 
a  study performed by H a r r i s  Corporat ion f o r  the  
Defense Communications Agency (DCA) . The task  was t o  
eva luate the a b i l i t y  o f  a  s e t  o f  t iming/synchroniza- 
t i o n  subsystem fea tu res  t o  p rov ide  a s e t  o f  des i r ab le  
c h a r a c t e r i s t i c s  f o r  t he  evo l v i ng  Defense Comunica- 
t i o n s  Systenl (DCS) d i g i t a l  communications network. 
The se t  of features r e l a t e  t o  the  approaches by 
which t iming/synchranizat ion informat i o n  cou ld  be 
disseminated throughout the  network and the manner i n  
which t h i s  in format ion cou ld  be u t i l i z e d  t o  p rov ide  
a synchronized network. These features, which could 
be u t i l i z e d  i n  a  l a r g e  number o f  d i f f e r e n t  combina- 
t ians ,  inc lude  mutual c o n t r o l ,  d i r e c t e d  c o n t r o l ,  
double ended reference l i ~ i k s  , independence o f  c l ock  
e r r o r  measuremmt and co r rec t i on ,  phase reference 
combining, and s e l f  organiz ing.  Some a d d i t i o n a l  
secondary features inc lude  smoothing f o r  l i n k  and 
nodal dropouts, unequal reference weight ings, and a 
master i n  t he  mutual contro: network. The s e t  of 
des i r ab le  c h a r a c t e r i s t i c s  used i n  t h e  eva lua t i on  o f  
the  features inc ludes b u t  i s  n o t  l i m i t e d  to ,  f r e -  
quency and phase accuracy, minimized propagat ion o f  
d is turbances i n  the  network, s l i p  f ree communica- 
t i o n s  as a normal mode o f  operat ion,  s u r v i v a b i l i t y  
under s t ressed condi t ions,  i n t e r o p e r a b i l i t y  w i t h  
o ther  networks, m o n i t ~ ~ a b i l i t y ,  p rec ise  t ime a v a i l -  
a b i l i t y ,  minimized overhead requirements and cos t  
e f fect iveness.  
The u t i l i t y  of each f ea tu re  (and combinations 
thereo f )  i n  p rov id i ng  the des i r ab le  c h a r a c t e r i s t i c s  
was evaluated by means of combined ana l ys i s  and 
computer s imulat ion.  One under ly ing  dssumption was 
t h a t  of a  microprocessor based nod11 synchronizer 
which implemented a second o rder  d i g i t a l  phase 
locked loop w i t h  an ,,xtended range 1 i nea r  phase 
de tec to r ,  The nod6 1 microprocessor was a1 so u t i l  i zed  
i n  d i s t r i b u t e d  c o n t r o l  o f  the  t im ing /synchron i ta t ion  
subsystem network. 
Some of the features of the s imu la t i on  model included: 
1)  a  s i ng le  network topology of 20 nodes and 29 
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i n te rconnec t ing  1  i n k s  (a  m ix tu re  o f  cable, sate1 1  i t e ,  
microwave, and t ropo) ,  2)  normal v a r i a t i o n s  which 
inc luded an i n i t i a l  s t a r t u p  t r ans ien t ,  norqal  path 
delay va r i a t i ons ,  na tu ra l  c lock  frequency d r i f t s ,  
and l i n k  and nodal measurement j i t t e r ,  3)  th ree  se ts  
o f  s t ress  scenario and 4 )  s i x teen  combinations o f  
the  t fming/synchronizat ion subsystem features.  
Nodal loop parameters used i n  t h e  s imu la t i on  were 
no t  opt imized bu t  were a  compromise of several  con- 
f l i c t i n g  goals. These inc luded  maximizing u t i l i z a -  
t i o n  o f  t h e  a v a i l a b l e  re ference in fo rmat ion ,  pro-  
v i d i n g  f o r  r a p i d  e n t r y  i n t o  t he  network, coas t ing  
through reference outages and min im iz ing  the  
e f f ec t s  o f  t r a n s i e n t  and steady s t a t e  re fe rence  
per tu rba t iona .  A  con t i nu ing  p o r t i o n  o f  the study 
from which t h i s  paper was abs t rac ted  aims a t  
op t im i z i ng  these parameters. 
The r e l a t i v e  a b i l i t i e s  of each of the  s i x t een  com- 
b i na t i ons  of the  subsystem fea tu res  i n  p rov id i ng  
each of t he  des i r ab le  c h a r a c t e r i s t i c s  i s  presented 
i n  t a b u l a r  form f o r  easy comparison. Al though t h i s  
study i s  p a r t i c u l a r l y  concerned w i t h  t he  DCS 
app l i ca t i on ,  t he  in format ion developed cou ld  be 
app l i ed  t o  any extens ive network. 
I, INTRODUCTION 
A l a r g e  s1. ; tched d i g i t a l  c o m m u n i c a t i o n s  n e t w o r k  g i v e s  
r i s e  t o  a  s e t  .f d e s i r a b l e  c h a r a c t e r i s t i c s  f o r  i t s  t i m i n g /  
s y n c h r o n i z a t i o n  s u b s y s t e m .  T h i s  s e t  o f  d e s i r a b l e  c h a r a c t e r -  
i s t i c s  i s  i d e n t i f i a b l e  f r o m  t h e  m i s s i o n  o f  t h e  c o m m u n i c a t i o n s  
n e t w o r k .  T h e r e  a r e  a  number  o f  f e a t u r e s  w h i c h  may be  a p p l i e d  
t o  t h e  t i m i n g / s y n c h r o n i z a t i o n  s u b s y s t e m  i n  v a r i o u s  c o m b i -  
n a t i o n s  t o  p r o v i d e  t h e  i d e n t i f i e d  s e t  o f  d e s i r a b l e  c h a r a c t -  
e r i s t i c s  t o  v a r y i n g  d e g r e e s .  
T h i s  p a p e r  r e p o r t s  t h e  r e s u l t s  o f  one  o f  t h e  t a s k s  o f  a  
s t u d y  p e r f o r m e d  b y  t h e  H a r r i s  C o r p o r a t i o n  f o r  t h e  D e f e n s e  
C o m m u n i c a t i o n s  Agency (DCA). The p u r p o s e  o f  t h e  t a s k  was 
t o  e v a l u a t e  t h e  a b i l i t y  o f  s e v e r a l  t i m i n g / s y n c h r o n i z a t i o n  
s u b s y s t e m  f e a t u r e s  t o  p r o v i d e  a j e t  o f  i d e n t i f i e d  d e s i r a b l e  
c h a r a c t e r i s t i c s  f o r  t h i s  s u b s y s t e m .  A l t h o u g h  t h e  s t u d y  was 
p e r f o r m e d  s p e c i f i c a l l y  f o r  t h e  f u t u r e  DCS d i g i t a l  communi-  
c a t i o n s  n e t w o r k ,  many o f  t h e  f i n d i n g s  a r e  a l s o  a p p l f  c a b l e  
t o  c i v i l i a n  d i g i t a l  c o m m u n i c a t i o n s  n e t w o r k s .  The a p p r o a c h  
u s e d  i n  t h e  e v a l u a t i o n  was c o m b i n e d  a n a l y s i s  a n d  c o m p u t e r  
s i m l ~ l  a t i o n .  
The s e t  o f  i d e n t i f i e d  d e s i r a b l e  c h a r a c t e r i s t i c s  f o r  t h e  
f u t u r e  DCS d i g i t a l  c o m m u n i c a t i o n s  n e t w o r k  t i m i n g / s y n c h r o n i -  
z a t i o n  s u b s y s t e m  a r e  d i s c u s s e d  i n  some d e t a i l  i n  [I). F o r  
t h i s  r e a s o n ,  and  s i n c e  t h e y  a r e  somewhat p a r t i c u l a r  t o  t h e  
DCS n e t w o r k  b u t  p r i m a r i l y  s e l f  e x p l a n a t o r y ,  t h e  s e t  o f  d e s i r -  
a b l e  c h a r a c t e r i s t i c s  a r e  m e r e l y  l i s t e d  i n  S e c t i o n  11. S i n c e  
t h e  s e t  o f  f e a t u r e s  r a n g e  f r o m  t h e  e x c e e d i n g l y  f a m i l i a r  t o  
t h e  p o s s i b l y  n e v e r - h e a r d - o f ,  a  f a i r l y  d e t a i l e d  e x p l a n a t i o n  
o f  w h a t  t h e y  a r e  i s  g i v e n  i n  S e c t i o n  111 .  A t t r i b u t e s  o f  t h e  
s i m u l a t i o n  mod21 a r e  g i v e n  i n  S e c t i o n  I V .  The r e s u l t s  o f  
t h e  e v a l u a t i o n  a r e  d i s c u s s e d  i n  S e c t i o n  V .  
11.  - THE DESIRABLE CHARACTERISTICS 
The s e t  o f  d e s i r a b l e  c h a r a c t e r i s t i c s  a g a i n s t  w h i c h  t h e  
f e a t u r e s  w e r e  compared  i n c l u d e d  t h e  f o l l o w i n g :  
F r e q u e n c y  a n d  p h a s e  a c c u r a c y .  
F reedom o f  c l o c k s  f r o m  b e i n g  d i s t u r b e d  by p e r t u r -  
b a t i o n s  o c c u r r i n g  f u r t h e r  f r o m  t h e  m a s t e r  t h a n  t h e  
l o c a l  node.  
F reedom f r o m  p r o p a g a t i o n  o f  c l o c k  e r r o r s  e x c e p t  
t h a t  o f  t h e  m a s t e r .  
No h a r m f u l  p r o p a g a t i o n  o f  a  d i s t u r b a n c e  due  t o  
p a t h  d e l a y  v a r i a t i o n s  o r  l i n k  d r o p o u t s .  
S l i p  f r e e  a s  a  n o r m a l  mode o f  o p e r a t i o n .  
S u r v i v a b i l i t y  o f  t h e  t i m i n g  f u n c t i o n .  
M in imum o v e r h e a d  c o m m u n i c a t i o n s .  
P r e c i s e  t i m e  a v a i l a b i l i t y .  
Sys tem l e v e l  m o n i t o r a b i l i t y  ( f u n c t i o n a l  as 
opposed  t o  e q u i p m e n t  m o n i t o r i n g ) .  
C o m p l i a n c e  w i t h  F e d e r a l  S t a n d a r d  1002. 
C o s t  E f f e c t i v e n e s s .  
I n t e r o p e r a b i l i  t y  o f  t h e  d i g i t a l  c o m m u n i c a t i o n s  
s y s t e m  w i t h  o t h e r  d i g i t a l  c o m m u n i c a t i o n s  s y s t e m s  
e m p l o y i n g  d i f f e r e n t  s y n c h r o n i ~ i n g  t e c h n i q u e s .  
C a p a b i l i t y  t o  a u t o m a t i c a l l y  s e l e c t  a  new n e t w o r k  
m a s t e r .  
111. THE FEATURES 
T h e r e  a r e  s e v e r a l  o p t i o n a l  f e a t u r e s  w h i c h  c a n  be  i n c l u d -  
e d  i n  v a r i o u s  c o m b i n a t i o n s  i n  t h e  DCS t i m i n g / s y n c h r o n i z a t i o n  
subsys tem.  Some o f  t h e  f e a t u r e s ,  howeve r ,  p r e c l u d e  i n c o r -  
p o r a t i o n  o f  c e r t a i n  o t h e r  f e a t u r e s .  A l s o ,  some c o m b i n a t i o n s  
o f  t h e  f e a t u r e s  a r e  more  s y n e r g e t i c  t h a n  o t h e r s .  
1. I n d e p e n d e n t  C l o c k s  ( I C )  
F i g u r e  1 shows t h e  f o r m  o f  t h i s  f e a t u r e .  T h i s  f e a -  
t u r e  p r e c l u d e s  t h e  a t t a i n m e n t  o f  a  t r u l y  s y n c h r o n i z e d  com- 
m u n i c a t i o n s  n e t w o r k  d u e  t o  t h e  u n a v a i l a b i l i t y  o f  i d e a l  c l o c k s .  
However ,  i t  p r o v i d e s  a  b a s i s  f o r  many c o m p a r i s o n s  a n d  i t  i s  
a l s o  a  n a t u r a l  f a l l  b a c k  c o n f i g u r a t i o n  f o r  t h e  d i r e c t e d  o r  
m u t u a l  c o n t r o l  f e a t u r e s ,  when i n  t i m e s  o f  s t r e s s ,  a l l  r e f e r -  
e n c e s  a r e  t e m p o r a r i l y  l o s t .  I t  i s  s p o o f  p r o o f ,  i t s  s e t  u p  
t i m e  m i n i m a l ,  and  f o r  a  t a c t i c a l  m i l i t a r y  c o m m u n i c a t i o n s  
m i s s i o n  i t  may v e r y  w e l l  be  t h e  b e s t  c h o i c e .  I t  i s  c o n c e p -  
t u a l l y  s i m p l e  f r o m  t h e  s t a n d p o i n t  o f  t h e  t i m i n g  s u b s y s t e m  
i t s e l f  b u t  i t  i s  n o t  n e c e s s a r i l y  t h e  s i m p l e s t  f r o m  t h e  s t a n d -  
p o i n t  o f  t h e  d i g i t a l  c o m m u n i c a t i o n s  e q u i p m e n t  d e s i g n e ;  o r  
u s e r ,  because  l a c k  o f  a  t r u l y  s y n c h r o n i z e d  n e t w o r k  i m p l i e s  
o c c a s i o n a l  r e s e t t i n g  o f  c o m m u n i c a t i o n s  b u f f e r s ,  as w e l l  as  
a n  i n c r e a s i n g l y  c o m p l e x  s y s t e m  o f  p u l s e  s t u f f i n g  t o  accom- 
moda te  g r o w i n g  m u l t i p l e x i n g  a n d  s w i t c h i n g  needs .  F o r  a  
g i v e n  q u a l i t y  o f  c o m m u n i c a t i o n  i t  i s  n o t  n e c e s s a r i l y  t h e  
l o w e s t  c o s t  s y s t e m  due  t o  t h e  h i g h e r  i m p l i e d  q u a l i t y  o f  
n o d a l  c l o c k s .  A l s o ,  :o t h e  d e g r e e  t h a t  s u r v i v a b i l i t y  i s  
r e f l e c t e d  i n  t h e  p r o b a b i l i t y  o f  b i t  s l i p s  a n d  t h e  a b i l i t y  t o  
m o n i t o r  t h e  s y s t e m  f o r  i m p e n d i n g  f a i l u r e s ,  i t  d o e s  n o t  n e c e s -  
s a r i l y  p r o v i d e  as  s u r v i v a b l e  a  n e t w o r k  a s  c e r t a i n  c o m b i n a -  
t i o n s  o f  t h e  o t h e r  f e a t u r e s ,  a l l  o f  w h i c h  a r e  p r e c l u d e d  b y  
i n d e p e n d e n t  c l o c k s .  S i n c e  i n d e p e n d e n t  c l o c k s  do  n o t  l e a d  
t o  a s y n c h r o n o u s  n e t w o r k  i t  was n o t  i n c l u d e d  i n  any  o f  t h e  
s i m u l a t i o n s  and  w i l l  n o t  b e  f u r t h e r  c o n s i d e r e d  i n  t h i s  p a p e r .  
2.  D i r e c t e d  C o n t r o l  (DC) 
The f o r m  o f  t h e  d i r e c t e d  c o n t r o l  f e a t u r e  i s  shown i n  
F i g u r e  2. I t  c o n s i s t s  o f  a  t r e e  n e t w o r k  o f  s e l e c t e d  com- 
m u n i c a t i o n s  l i n k s  o v e r  w h i c h  t i m i n g  i n f o r m a t i o n  i s  p a s s e d  
f r o m  m a s t e r  node  t o  a l l  i m m e d i a t e  n e i g h b o r  n o d e s .  These  
i m m e d i a t e  n e i g h b o r  nodes  i n  t u r n  p a s s  t i z i n g  i n f o r m a t i o n  
f r o m  t h e i r  n o d a l  c l o c k s  t o  t h e i r  i m m e d i a t e  n e i g h b o r s  who 
a r e  f a r t h e r  r emoved  f r o m  t h e  m a s t e r .  The t i m i n g  i n f o r m a t i o n  
o n l y  f l o w s  i n  one  d i r e c t i o n  o f  t h e  d u p l e x  l i n k s ,  i . e . ,  away 
f r o m  t h e  m a s t e r .  T h i s  i s  t h e  c e n t r a l  i d e a  o f  a  m a s t e r  s l a v e  
n e t w o r k  w h i c h  i s  a  p a r t i c u l a r  c a s e  o f  d i r e c t e d  c o n t r o l .  
S i n c e  t h e r e  & r e  n o  c l o s e d  l o o p s  i n  t h e  n e t w o r k ,  t h i s  f e a t u r e  
has  no  n e t w o r k  s t a b i l i t y  p r o b l e m s .  I t  i s  a  w i d e l y  u s e d  
f e a t u r e  i n  m i l i t a r y  a n d  c i v i l i a n  n e t w o r k s  [ 2 , 3 , 4 ] .  I t  r e -  
s u l t s  i n  a  s y n c h r o n i z e d  n e t w o r k  i n  M h i c h  a l l  n o d e s  h a v e  t h e  
same a v e r a g e  f r e q u e n c y .  When c o m b i n e d  w i t h  e l a s t i c  communi-  
c a t i o n s  b u f f e r s  o f  s u f f i c i e n t  s i z e ,  s h o r t  t e r m  p e r t u r b a t i o n s  
w i l l  n o t  c a u s e  b i t  s l i p s .  Thus t h e  n e t w o r k  s h o u l d  be  a b l e  
t o  s u p p o r t  c o m m u n i c a t i o n s  w i t h o u t  s l i p s  o r  s c h e d u l e d  r e s e t -  
t i n g  o f  c o m m u n i c a t i o n s  b u f f e r s  f o r  a n  i n d e f i n i t e  p e r i o d  o f  
t i m e .  
3.  M u t u a l  C o n t r o l  ( M C )  
F i g u r e  3 shows t h e  f o r m  o f  t h e  m u t u a l  c o n t r 3 l  f e a t u r e .  
I t  i s  t h e  a n t i t h e s i s  o f  d i r e c t e d  c o n t r o l .  Each  node  t a k e s  a  
w e i g h t e d  sum o f  t h e  p h a s e  e r r o r  o f  i t s  l o c a l  c l o c k  r e l a t i v e  
t o  t h a t  o f  s i g n a l s  r e c e i v e d  f r o m  a l l  o f  i t s  i m m e d i a t e  n e i g h -  
b o r s  t o  d e t e r m i n e  a  c o r r e c t i o n  s i g n a l  t o  a p p l y  t o  i t s  l o c a l  
c l o c k .  S i n c e  t h e r e  a r e  numerous  c l o s e d  l o o p s  i n  t h e  n e t w o r k ,  
c a r e  m u s t  b e  t a k e n  i n  t h e  s e l e c t i o n  o f  e r r o r  s i g n a l  p r o c e s s -  
i n g  p a r a m e t e r s  a t  e a c h  n o d e  i n  o r d e r  t o  i n s u r e  n e t w o r k  s t a -  
b i l i t y .  The n e t w o r k  f r e q u e n c y  u n d e r  m u t u a l  c o n t r o l  i s  a  
f u n c t i o n  o f  t h e  w e i g h t e d  a v e r a g e  o f  t h e  i n d i v i d u a l  nodes  
n a t u r a l  f r e q u e n c i e s  a n d  t h e  p a t h  d e l a y s  o f  t h e  n e t w o r k .  T h i s  
f e a t u r e  h a s  b e e n  w i d e l y  s t u d i e d  f r o m  a  t h e o r e t i c a l  s t a n d p o i n t ,  
m a i n l y  t o  i n v e s t i g a t e  t h e  q u e s t i o n s  o f  n e t w o r k  s t a b i l i t y  and  
t h e  s i z e s  o f  t r a n s i e n t  a n d  s t e a d y  s t a t e  p h a s e  e r r o r s  i n  t h e  
s y s t e m  [5,6,7,8,9,10,11,12,13,14] b u t  no m a j o r  n e t w o r k  h a s  
s e l e c t e d  t h i s  f e a t u r e .  I t ' s  m o s t  t o u t e d  a t t r i b u t e  f o r  a  
m i l i t a r y  m i s s i o n  i s  i t s  s u r v i v a b i l i t y .  
4 .  D o u b l e  Ended R e f e r e n c e  L i n k s  (DE)  
F i g u r e  4 shows a  mode l  f o r  d o u b l e  ended  r e f e r e n c e  
l i n k s .  T h i s  f e a t u r e  p r o v i d e s  t h e  c a p a b i l i t y  t o  r emove  t h e  
e f f e c t s  o f  t r a n s m i s s i o n  d e l a y  t i m e  i n  t h e  t i m e  r e f e r e n c e  i n -  
f o r m a t i o n .  Each  node  i n  t h e  t i m i n g  h i e r a r c h y  t r a n s m i t s  t o  
each  o f  i t s  i m m e d i a t e  n e i g h b o r  nodes  i t s  c l o c k  r e a d i n g  a s  
w e l l  as  t h e  d i f f e r e n c e  b e t w e e n  i t s  c l o c k  a n d  t h a t  r e c e i v e d  
f r o m  i t s  i m m e d i a t e  n e i g h b o r .  T h i s  i s  s u f f i c i e n t  i n f o r m a t i o n  
t o  r emove  t h e  p r o p a g a t i o n  t i m e  f r o m  t h e  r e f e r e n c e  i n f o r m a t i o n .  
To s e e  how t h i s  w o r k s ,  l e t  K A  = T  -TB+DBA be  t h e  d i f f e r e n c e  
b e t w e e n  node  A ' s  c l o c k  r e a d i n g  an! t h a t  o f  node  B. N o t i c e  
t h a t  t h e  p r o p a g a t i o n  t i m e  f r o m  B  t o  A has  been  e x p l i c i t l y  
a c c o u n t e d  f o r  b y  t h e  t e r m  D  A .  S i m i l a r l y ,  l e t  KB = TB-TA+DAB W be t h e  d i f f e r e n c e  b e t w e e r  t e  r e a d i n g  o f  node  B ' s  c l o c k  and  
t h a t  o f  node  A w i t h  p r o p a g a t i o n  t i m e  f r o m  A t o  B  e x p l i c i t l y  
e x p r e s s e d  b y  D A B .  Now node  B  may d e t e r m i n e  t h e  e r r o r  o f  i t s  
c l o c k  r e l a t i v e  t o  t h a t  o f  n o d e  A t o  w i t h i n  o n e - h a l f  t h e  
a s y m m e t r y  o f  t h e  d u p l e x  l i n k  p r o p a g a t i o n  t i m e s  b y  c o m p u t i n g  
The a s y m m e t r y  DB4-D B o f  a  d u p l e x  l i n k  i s  e x p e c t e d  t o  be  
,? q u i t e  s m a l l  i f  s i m i  a r  e q u i p m e n t  and t h e  same t r a n s m i s s i o n  
medium i s  u t i l i z e d  i n  t h e  f o r w a r d  and  r e v e r s e  p a t h s .  
5.  11 ,Jependence  o f  t h e  C l o c k  E r r o r  M e a s u r e w e n t  a t  
Any Node f r o m  t h e  C o r r e c t i o n  o f  C l o c k  E r r o r  a t  
Any O t h e r  Node (ICEM&C) 
T h i s  i s  a  f e a t u r e  n h i c h  may be  u s e d  t o  r emove  t h e  
e f f e c t s  o f  p h a s e  e r r o r s  i n  c l o c k s  i n t e r m e d i a t e  b e t w e e n  t h e  
l o c d l  n ~ i e  a n d  t h e  n e t w o r k  m a s t e r .  T h i s  i s  a c c o m p l i s h e d  b y  
p a s s i n g  measu red  b u t  u n c o r r e c t e d  e r r o r s  down t h e  t i v i n g  
c h a i n s .  F i g u r e  5 shows how t h i s  i s  a c c o m p l i s h e d ,  When t h i s  
f e a t 2 r e  i s  u s e d  i n  c c n j u n c t i o n  w i t h  d o u b l e  ended  r e f e r e n c e  
l i n k s  a n d  d i r e c t e d  c o n t r o l ,  e a c h  node  o f  t h e  n e t w o r k  i s  e f -  
f e c t i v e l y  t i e d  t o  t h e  n e t w o r k  m a s t e r .  T h i s  f e a t u r e  c a n n o t  be 
e f f e c t i v e l y  a p p l i e d  w i t h  t h e  m u t u a l  c o n t r o l  f e a t u r e  b e c a u s e  
i n  g e n e r a l  t h e - e  i s  no d e f i n i t  h i e r a r c h i c a l  p a t h  f r o m  t h e  
l o c a l  node  b a c k  t o  a,i u l t i m a t e  r e f e r e n c e .  
6 .  Phase  R e f e r e n c e  C o m b i n i n g  (PRC) 
F i g u r e  6 shows a  mode l  f o r  t h e  p h a s e  r e f e r e n c e  com- 
b i n i n g  f e a t u r e .  T h i s  i s  a  f e a t u r e  applicable f o r  u s e  i n  
c o n j u n c t i o n  w i t h  D C ,  DE a n d  I C E M & C  w h i c h  t e n d s  t o  redt.:e t h e  
e f f e c t s  o f  c u m u l a t i v e  measu remen t  e r r o r s  i n  r e f e r e n c e  i n -  
f o r m a t i o n  a r r i v i n g  a t  nodes  f a r  r emoved  f r o m  t h e  n e t w o r k  
m a s t e r .  T h i s  i s  done  by c o m b i n i n g  r e f e r e n c e  i n f o r m a t i o n  
r e c e i v e d  a t  a  p a r t i c u l a r  node  o v e r  t h e  p a r a l l e l  p a t h s  f r o m  
t h e  n e t w o r k  m a s t e r .  I t  i s . d e s i g n e d  t o  make good u s e  o f  a l l  
t h e  a v a i l a b l e  ? e f e r e n c e  i n f o r m a t i o n  w h i l e  c a r e f u l l y  a v o i d i n g  
c l o s e d  l o o p s  i n  t h e  n c t w o r k .  Two c l a s s e s  o f  t w o  t y p e s  o f  
i n f o r m a t i o n  a r e  p a s s e d  t h r o u g h  t h e  s y s t e m  when t h i :  f e a t u r e  
i s  u t i l i z e d .  The two  t y p e s  o f  i n f o r m a t i o n  a r e  t h e  a c t u a l  
measu red  v a l u e s  o f  t h e  r e f e r e n c e  i n f o r m a t i o n  and  a n  e s t i m a t e  
o f  t h e  s t a t i s t i c a l  v a r i a n c e  i n  t h e  measu red  v a l u e  o f  t h e  
r e f e r e ~ c e  i n f o r m a t i o n .  The s t a t i s t i c a l  v a r i a n c e  i s  o b t a i n e d  
f r o m  d e s i g n  p a r a m e t e r s  o f  t h e  n e t w o r k  componen ts .  I t  i s  u s e d  
t o  d e t e r m i n e  how t o  w e i g h t  t h e  measu red  r e f e r e n c e  i n f o r m a t i o n  
r e c e i v e d  o v e r  t h e  v a r i o u s  p a r a l l e l  p a t h s .  The t w o  c l a s s e s  
o f  i n f o r m a t i o n  a r e  c a l l e d  c l a s s  1 a n d  c l a s s  2.  A t  a  p a r t i c u -  
l a r  node  c l a s s  1 i n f o r m a t i o n  o f  b o t h  t y p e s  i s  o b t a i n e d  f r o m  
n e i g h b o r  nodes  s t r i c t l y  above  t h e  l o c a l  node  i n  t h e  n e t w o r k  
h i e r a r c h y .  I t  i s  c o m h i n e d  a n d  u s e d  t o  d i s c i p l i n e  t h e  l o c a l  
c l o c k .  I h e  comb jned  c l a s s  1 i n f o r m a t i o n  i s  a l s o  p a s s e d  t o  
n e i g h b o r  nodes  c o t  l o w e r  i n  t h e  h i e r a r c h y  t h a n  t h e  l o c a l  
node.  The c l a s ,  2 i n f o r m a t i o n  i s  o b t a i n e d  f r o m  n e i g h b o r  
nodes  n o t  l o w e r  i n  t h e  n e t w o r k  h i e r a r c h y  t h a n  t h e  l o c a l  node .  
I t  i s  c o m b i n e d  and  p a s s e d  t o  n e i g h b o r  n o d e s  l o w e r  i n  t b  ? 
h ; e r a r c h y  t h a n  t h e  l o c a l  node.  The m e t h o d  u s e d  t o  ::ombine 
t h e  r e f e r e n c e  f n f o r m a t i o n  i s  t o  w e i g h t  i t  i n v e r s e l y  p r o p o r -  
t i o n a l  t o  t h e  i s t i m a t e d  v a r i a n c e .  
T h i s  f e a t u r e  a l s o  p r o v i d e s  f o r  an e l a b o r a t e  m o n i t o r -  
i n g  c a p a b i l i t y .  
7 .  S e l f  O r g a n i z i n g  ( S O )  
T h i s  f e a t u r e  i s  c o n c e r n e d  w i t h  a  scheme f o r  d i s t r i b u -  
t e d  s e l f  o r g a n i z a t i o n  o f  t h e  n e t w o r k  h i e r a r c h y .  I n  a  s y s t e m  
t h a t  does  n o t  u t i l i z e  t ; ~ e  PRC f e a t u r e  t h e  i m p l e m e n t  i o n  i s  
v e r y  s i m i l a r  t o  t h a t  d e s c r i b e d  b y  D a r w i n  a n d  P r i n  b$ . Each 
node i s  a s s i g n e d  a  r a n k  w i t h  t h e  n e t w o r k  m a s t e r  b e i n g  a s s i g n e d  
a h i g h e r  r a n k  t h a n  ;ny o t h e r  node .  The f i r s t  a l t e r n a t e  mas- 
t e r  i s  a s s i g n e d  a  r a n k  l o w e r  t h a n  t h e  m a s t e r  b u t  h i g h e r  t h a n  
any  o t h e r  node ,  e t c .  Each  l i n k  i s  a s s i g n e d  a  d e m e r i t  number  
J e p e n d i n g  o n  t h e  q u a l i t y  o f  t h e  l i n k .  The o b j e c t  o f  t h e  
scheme i s  f o r  e a c h  node t o  r e f e r e n c e  t h e  h i g h e s t  r a n k i n g  node  
t h r o u g h  tb l .  h i g h e s t  q u a l i t y  p a t h .  I t  i s  shown i n  [15] t h a t  
a n e t w o r k  w i l l  a c t u a l l y  do t h i s  i n  a s t a b l e  manner  when a l l  
r u l e s  a r e  u t i l i z e d .  
F o r  n e t w o r k s  u s i n g  t h e  PRC f e a t u r e  as  d e s c r i b e d  b y  
S t o v e r  11.61 t h e  l i n k  d e m e r i t  i n f o r m a t i o n  i s  e s s e n t i a l l y  c o n -  
t a i n e d  i n  t h e  v a r i z n c e  i n f o r m a t i o n  s o  i t  i s  o n l y  n e c e s s a r y  
t o  know t h e  number  o f  i n t e r v e n i n g  nodes  b e t w e e n  ~ a c h  node 
a n d  ' t he  m a s t e r  r e f e r e n c e ,  as w e l l  r . ~  t h e  noda ' l  r a n k i n a s .  
8. M a s t e r  i n  M u t u a l  Sys tem (MIM) 
One o f  t h e  d i s a d v a n t a g e s  o f  t h e  m u t u a l  c o n t r o l  f e a - .  
t u r e  i s  t h a t  t h e  n e t w o r k  f r e q u e n c y  may t a k e  random w a l k s .  
T h i s  may be  a v o i d e d  h y  a l l o w i n g  one node  t o  b e  t h e  m a s t e r ,  
i . e . ,  t h i s  m s t e r  node  dopc  n o t  r e f e r e n c e  a n y  o t h e r  node  o f  
t h e  n e t w 3 r k .  The r e s u l t  .s t f l a t  t h e  l o q g  t e r m  a v e r a g e  f r e -  
quency  becomes t h a t  o f  t h e  m ~ s t e r  node .  
9 .  S m o o t h i n g  f o r  L i n k  D r o p o u t s  and  R e f e r e n c e  
S w i t c h i n g  (SLD&RSS) 
The t e c h n i q u e  m o s t  commonly  u c e d  t o  d i s c i p l i q e  t h e  
l o c a l  c l o c k  i s  a  s e c o n d  o r d e r  p h a s e  l o c k e d  i 9 o p .  A s t e p  
change  i n  r e f e r e n c e  p h a s e  a t  t h e  i n r u t  t o  sl1:h a  d e v i c e  
r e s u l t s  i n  a  s p i k 2  i n  o u t p u t  f r e q u e n c y  whose peak  a m p l i t u d e  
i s  e q u a l  t o  2cwnA$, w h e r e  5 and wn  a r e  p a r a m e t e r s  o f  t h e  
phase  l o c k  1009  and  A+  i s  t h e  r e f e r e n c e  p h a s e  change .  T h i s  
f r e q u e c i J l  s p i k e  c a ?  have  a  l a r g e  peak  a m p l i t b l e  a n d  i s  q u i t e  
u n d e s i r a b l e .  F o r t d n a t e l y , i t  c a n  be  a v o i d e d .  
I n  a  n e t w o r k  u s i n g  m u t u a l  c o n t r o l  d r o p o q t  s m o o t h i n g  
c o n s i s t s  o f  r e m z m b e r i n g  t h e  v a l u e  o f  p h a s e  e r r o r  r e l a t i v e  
t o  each  r e f e r e n c e  i m m e d i a t e l y  b e f o r e  t h e  d r o p o u t .  The r e -  
membered v a l u e  i s  t h e n  a p p l i e d  t h r o u g h  3 d e c a y i a g  m c l t i p l r e r  
f o r  a  p e r i o d  o f  t i m e  s u f f i c i e n t  t o  a l l o w  t h e  r e m a i n i n g  r e f -  
e r e n c e  e r r o r s  t o  s l o w l y  r e a d j u s t ,  t h e r e b y  a v o i d i n g  t h e  l a e $ <  
s p i k e  i n  o u t p u t  f r e q u e n c y .  
I n  a  d i r e c t e d  c o n t r o l  n e t w o r k  u t i l i z i n g  a  s e c ~ n d  
o r d e r  l o o p  o f  t h e  i n t e g r a l  p l u s  p r o p o r t i o n a l  t y p e  t h e  i n t e -  
g r a t o r  v o l t a g e  may be  a d j u s t e d  t o  e x a c i l y  c o m p e n s a t e  f o r  t h e  
d i f f e r e n c e  b e t w e e n  t h e  o l d  a n d  new r e f e r e n c e  e r r o r s .  S i n c e  
t h e  i n t e g r a t o r  has  a  l o n q  t i m e  c o n s t a n t  t h e  o u t p u t  f r e q u e n c y  
changes  v e r y  s l o w l y  t o  c o m p e n s a t e  f o r  t h e  d i f f e r e n c e  i n  p h a s e  
r e f e r e n c e s .  
I V .  - THE SIMULATION MPDEL 
-
A compute;  s i m u l a t i o n  m o d e l  was d e v e l o p e d  t o  h e l p  e v a l b -  
a t e  t h e  a b i l i t y  o f  t h e  s e t  o f  f e a t u r e s  d e i c r i b e d  i n  S e c t i o n  
I 1 1  t 3  p r o v i d e  t h e  s e t  o f  d e s i r a b l e  c h a r a c t e r i s t i c s  i i s t e d  
i n  S e c t i c -  11,  t h o g g h  p r i m a r i l y  f o r  c h a r a c t e r i s t i c s  1 t h r o u g h  
6. T h i s  node1  c o n s i s t e d  o f  t h e  f o l l o w i n g :  
A n o d a l  s y n c h r o n i z e r  
A  n e t w o r k  topo1og;t 
A s e t  o f  n o r m a l  l i n k  and  n o d a l  v a r i a t i o n s  
A s e t  o f  s t r e s s  s c e n a r i o s  
k s e t  o f  f e . t u r e  c o m b i n a t i o n s  
1. The Noc'a' 1 c h r o r l i  z e r  
F i g u r e  7 s h c v s  2 siqpl i f i e d  f u n c t i o n a l  b l o c k  d i a g r a n  
o f  t h e  n o d a l  s y n c h r o n i z e r .  Tne w e i g h t   an^ sum f u n c t i o a  i s  
u t i l i z e d  i n  q u t u ? !  c o n t r o l  s y s t e m s  as  w e l l  a s  d i r e c t e d  s y s -  
tems u t S i ~ z i n g  t h e  P k C  f e a t u r e  a l t h o u g h  t h e  i m p l e m e n t a t i o n  
w i l l  b e  c o n s i d e r a t i y  d i f f e r e n t  f o r  t h e  t w o  c a s e s .  U n d e r  
m u t u a l  c o n t r o l  a l l  a v a i l a b l e  r e f e r e n c e s  a r e  n o r m a l l y  s e l e c t -  
e d  e x c e p t  t h a t  f a i l e d  r e f e r e n c e s  m u s t  b e  d e s e l e c t e d .  P r o -  
v i s i o n <  a r e  made f o r  e i t h e r  a  V C X O  w h i c h  i s  d i r e c t l y  c o n -  
t ; . o l l z d  b y  t h e  l o o p  f i l t e r  o u t p u t  o r  an  a t o m i c  : l o c k  whose 
o u t p u t  i s  i n d i r e c t l y  c o n t r o l l e d  b y  means o f  a n  o u t b o a r d  p h a s e  
s t e p p e r .  The p h a s e  d e t e c t o r ( s )  was m o d e l e d  a s  a n  e x t e n d e d  
r b n g e  l i n e a r  d e v i c e .  T5e aoop  f i l t e r  was one  o f  t w o  t y  es ,  
h a v i n g  t r a n s f e r  f u n c t i o n  - o r  3. The p h a s e  l o c k e d  POOP 
s  +a s 
e m p l o y i n g  a  l o o p  f i l t e r  o f  t h e  f i r s t  t y p e  r e s u l t s  i n  a  t y p e  
1 l o o p  w h i l e  one  e r n p l o y i n q  a  l o o p  f i l t e r  o f  t h e  s e c o n d  t y p e  
r e s u l t s  i r  a  t y p e  2 l o o p .  The t y p e  1 l o o p  t r a c k s  a  c o n s t a n t  
f r e q u e - I C Y  o f f s e t  ( l o c a l  c l o c k ' s  n a t u r a l  f r e q u e n c y  o f f s e t  
f - o m  r e f e r e n c e  frequency) w i t h  a  z o n s t a n t  n o n z e r o  e r r o r  s i g -  
? d l  3 u t  o t  t h e  r"as d e t e c t o r .  The t y p e  2 l o o p  t r a c k s  a  
c o n s t a n t  ; r equency  o f f s e t  w i t h  a  c o n s t a n t  z e r p  e r r o r  s i g n a l  
o ~ t  o f  t h e  p h a s e  d e t e c t o r .  I n  o r d e r  t o  a v o i d  n e t w o r k  i n s t a -  
b i l i t y  p r o b l e m s  o n l y  t h e  t y p e  l l o o p  was u t i l i z e d  w i t h  t h e  
n u t u c l  c o n t r o l  f e a t u r e .  E i t h e r  t h e  t y p e  1 o r  t y p e  2 l o o p  
n a y  t e  u s e d  w i t h  t h e  d i r e c t e d  c o n t r o l  f e a t u r e  b u t  t h e  s i i nu -  
1 a t i o n s  we re  r u n  a l m o s t  e x c l u s i v e l y  w i t h  t h e  t y p e  2 l o o p  
b e c a u s e  i t s  p e r f o r m a n c e  i s  c l e a r l y  s u p e r i o r  t o  t h a t  o f  t h e  
t y p e  1 l o o p .  F i g u r e  8 shows a  b a s e l i n e  mode l  f o r  t h e  p h a s e  
l o c k e d  l o o p .  F o r  a  d e t a i l e d  e x p l a n a t i o n  o f  s u c h  d e v i c e s  see  
t u t o r i a l  p a p e r s  nfl a n d  a8]. From t h i s  mode l  t h e  f o ! l o w -  
i n g  t r a n s f e r  f u n c t i o n s  f o r  t h e  t y p e  1 a n d  t y p e  2 l o o p s  c a n  
b e  d e r i v e d :  
Q ~ ! S )  ulnL 3 
Type  1: 2 
w h e r e  w = !- a n d .  c = 
w h e r e  w, = a n d  < = 
T a b l e  1 shows t h e  l o o p  p a r a m e t e r s  u s e d  i n  t h e  s i m u l a t i o n .  
T A B L E  1 
Loop P a r a m e t e r s  f o r  S i m u l a t i o n  
Type  2 - D C - Q u a r t z  
Type  2-DC-Cesium 
T y p e  1-DC&MC-A11 
2. N e t w o r k  T o p o l o g y  
The t o p o l o g y  o f  t h e  n e t w o r k  u s e d  i n  a l l  s i m u l a t i o ~ l s  
i s  shown i n  F i g u r e  9. I t  was c h o s e n  t o  r e p r e s e n t  a s k e l e t o n  
o f  t h e  U C S  n e t w o r k  i n  t h a t  l i n k  d i s t a n c e s  w e r e  c h o s e n  s i m i -  
l a r  t o  t h o s e  t h a t  w i l l  a c t u a l l y  b e  u t i l i z e d  i n  t h e  DCS n e t -  
w o r k  The f o u r  g a t e w a y  n o d e s  w e r e  assumed t o  c o n n e c t  b e -  
twee-n t h e  r l a r t h  A m e r i c a n  a n d  E u r o p e a n  c o n t i n e n t s .  
3. No rma l  L i n k  and Noda l  V a r i a t i o n s  
The n o r m a l  l i n k  v a r i a t i o n s  w e r e  m o d e l e d  a s  s i n u s o i d a :  
l e n g t h  v a r i a t i o n s  a b o u t  t h e  n o m i n a l  l e n g t h .  A l l  e x c e p t  t h e  
t r o p o  l i n k s  w e r e  m o d e l e d  w i t h  a  p e r i o d  o f  one  day .  M e a s u r e -  
men t  j i t t e r  t e r m s  w e r e  added  f o r  e d c h  l i n k  and  e a c h  node  f o r  
some ? f  t h e  s i m u l a t i o n  r u n s .  I n i t i a l  f r e q u e n c y  o f f s e t  was 
assumed f o r  e a c h  c l o c k  t o  g i v e  an i n i t i a l  t r a n s i e n t .  Q u a r t z  
c l o c k s  w e r e  g i v e n  a  l i n e a r  d r i f t  i n  n a t u r a l  f r e q u e n c y .  These  
v a r i a ~ i o n s  a r e  summar i zed  i n  T a b l e  2. 
4 .  S t r e s s  S c e n a r i o s  
The s t r e s s  s c e n a r i o s  c o n s i s t e d  o f  s e l e c t e d  l i n k  f a i l -  
u r e s ,  node  f a i l u r e s ,  a n d  c l o c k  f r e q u e n c y  c h a n g e s  o c c u r r i n g  
a t  v a r i o u s  t i m e s  t h r o u g h o u t  t h e  s i m u l a t i o n  r u n s .  Each  r u n  
r e p r e s e n t e d  a n  e ' d p s e d  t i m e  o f  300 ,060  s e c o n d s .  The t h r e e  
s e t s  o f  s t r e s s  s c e n a r i o s  w e r e  c a l l e d  G e n e r a l ,  Low L e v e l ,  a n d  
H i g h  L e v e l .  . h e  G e n e ~ a l  r t r e s s  s c e n a r i o  was d e s i g n e d  t o  
m e a s u r e  how c l o s e l y  n o d a l  p h a s e s  and  f r e q u e n c i e s  a t  v a r i o u s  
p o i n t s  o f  t h e  i e t w o r k  w o u l d  h o l d  t o g e t h e r  u n d e r  a  v a r i e t y  o f  
d i s t u r b a n c e  e v e n t s .  The Low L e v e l  s c e n a r i o  was d e s i g n e d  t o  
m e a s u r e  any  u p w a r d  p r o p a q a t i o n  i n  t h e  n e t w o r k  h i e r a r c h y .  
The H i g h  L e v e l  s c e n a r i o  was d e s i g n e d  t o  measu re  p r o p a g a t i o n  
e i t h e r  upward ,  l a t e r a l l y ,  o r  downward.  The  G e n e r a l  s t r e s s  
s c e n a r i o  i s  shown i n  T a b l e  3 .  
5 .  F e a t u r e  C o m b i n a t i o n s  
A t o t a l  o f  16 f e a t u r e  c o m b i n a t i o n s  w e r e  s e l e c t e d  f o r  
i n c o r p o r a t i o n  i n t o  a  s i m u l a t i o n  r u n .  These  a r e  shown i n  
T a b l e  4 .  
V .  THE RESULTS A N D  CONCLUSIONS 
R e s u l t s :  
S i m u l a t i o n  r u n s  w e r e  made f o r  e a c h  o f  s i x t e e n  com- 
b i n a t i o n s  o f  f e a t u r e s  a n d  t h r e e  s t r e s s  s c e n a r i o s  f ~ r  a  t o t a l  
o f  48 s i m u l a t i o n  r u n s .  Each s i m u l a t e d  r u n  was f o r  a  d u r a t i o n  
o f  300,000 s e c o n d s .  O u t p u t s  c o n s i s t e d  o f  p l o t s  o f  a b s o l u t e  
f r e q u e n c y  e r r o r  and  p h a s e  e r r o r  r e l a t i v e  t o  n o d e  1 o f  F i g u r e  
9 .  F i g u r e s  1 0 - 1 5  show s a m p l e s  o f  t h e s e  p l o t s .  The  means 
a n d  s t a n d a r d  d e v i a t i o n s  o f  t h e  f r e q u e n c y  3 n d  p h a s e  e r r o r s  
w e r e  a l s o  o b t a i n e d  f o r  e a c h  o f  t h e  m o n i t o r e d  nodes  o v e r  t h e  
d u r a t i o n  o f  t h e  s i m u l a t i o n  r u n .  The c u t p u t  p l o t s  and  s t a -  
t i s t i c a l  d a t a  ;vere t h e n  compared  m a n u a l l y  f o r  t h o s e  d e s i r a b l e  
c h a r a c t e r i s t i c s  w h i c h  c o u l d  be e v a l u a t e d  b y  t h i s  t e c h n i q u e  
( p r i m a r i l y  c h a r a c t e r i s t i c s  1 t h r o u g h  6 o f  5 e c t i o n  1 1 ) .  The 
o t h e r  s e v e n  d e s i r a b l e  c h a r a c t e r i s t i c s  w e r e  somewhat amenab le  
t o  a n a l y s i s  i n  l i g h t  o f  t h e  b r o a d  u n d e r s t a n d i n g  o f  t h e  o v e r -  
a11 p r o b l e m  t h a t  was g a i n e d  t h r o u g h  t h e  p r o c e s s  o f  d e v e l o p -  
i n g  t h e  s i m u l a t i o n  mode l .  From t h i s  n a r r o w  s i m u l a t i o n  d a t a  
and  t h e  b r o a d  p r o b l e m  u n d e r s t a n d i n g ,  r e l a t i v e  r a n k i n g s  o f  
-;he a b i l i t y  o f  e a c h  o f  t h e  16 f e a t u r e  c o m b i n a t i o n s  t o  p r o -  
v i d e  each  o f  t h e  d e s i r a b l e  c h a r a c t e r i s t i c s  was o b t a i n e d .  
These  r a n k 2 - g s  a r e  shown i n  T a b l e  5 .  I n  o r d e r  t o  d i s t i n g u i s h  
T a b l e  2 
Normal  L i n k  and Nodal  V a r i a t i o n s  
LINKS: 
l a  Measurement 
J i t t e r  
-- 
Normal  L i n k  V a r i a t i o n s  
10  AL = 10'5x~,.,xsin(w~t+~,.) 
10 AL = 3 x l 0 ' ~ x ~ ~ x s i n  l ~ ~ t + @ ~ )  
3 o AL = 5 . 0 4 ~ 1 0 - 5 x ~ ~ x r i n ( w ~ t + ~ ~ )  
2 0  8 AL = 10-  ~ L ~ x s i n ( w ~ t + + ~ )  
( 1 ~ ' ~ x L ~ x s i n  iddt+'$Ir) 
+2x10-5~oxsin(8.7x10'4t) 
L i n k  Type 
Mic rowave  
Cab le  
S a t e l l i t e  
T ropo  
where +,,=O, w d - 7 . 3 ~ 1 0 ' ~  r a d / s ,  wx=3.5x10'3 r a d / s  and  Lo=nomina l  
1  i n k  d i s t a n c e  
NODES: l a  Measurement  
Node Numhers J i t t e r  
Nodal  v a ~ i a n c e  and w e i g h t i n g  f a c t o r  c a l c u l a t i o n  
where oi2 o r  a . 2  i s  t h e  i n p u t  v a r i a n c e  f r o m  r e f e r e n c e  i o r  j ,  J 
yi2 i s  t h e  v a r i a n c e  a s s o c i a t e d  w i t h  t h e  l i n k  between t h e  
r e f e r e n c e  node and t h e  l o c a l  node and oN' i s  t h e  n o d a l  v a r i a n c e .  
T a b l e  3 
G e n e r a i  S t r e s s  S c e n a r i o  
A p p l y  i n i t i a l  t r a n s i e n t  t o  a l l  nodes 
A p p l y  norma l  l i n k  d e l a y  v a r i a t i o n s  t o  a l l  l i n k s  
A p p l y  c l o c k  d r i f t s  t o  a l l  q u a r t z  c l o c k s  
50000 s  - Node 6  c l o c k  s t a r t s  ramp i n c r e a s e  i n  f r e q u e n c y  o f  
1.16 x 10-14 x f o  p e r  second and c o n t i n u e s  u n t i l  
75000 seconds.  
60000 s  - Node 1 3 ' s  c l o c k  makes s t e p  d e c r e a s e  i n  n a t u r a l  f r e q u e n c y  
o f  3  x 1 0 - 1 1  x f o .  
75000 s  - Ncdt  6 ' s  c l o c k  b e g i n s  ramp d e c r e a s e  o f  1 .16 x x 
f o  p e r  second and  c o n t i n u e s  u n t i l  100000 seconds .  
100000 s - Node 1 3 ' s  c l o c k  makes s t e p  i n c r e a s e  o f  3  x 1 0 - l 1  x f o  
i n  n a t u r a l  f r e q u e n c y .  
150G00 s  - L i n k  6 -5  f a i l s .  
Node 5  f r e e  r u n s  t i ~ t i l  150300 seconds and  t h e n  r e f e r -  
ences Node 7  i f  s e l f - r e o r g a n i z i n g .  
Node 5  f r e e  r u q s  u n t i l  160800 seconds i f  n o n s e l f -  
r e o r g a n i z i n g . .  
200000 s  - L i c k  1-2 f a i l s .  
Node 2  f r e e  r u n s  u n t i l  200300 seconds i t  r e f e r e n c e s  
Node 5 i f  u s i n g  s e l f - r e o r g a n i z a t i o n ,  i t  f r e e  r u n s  t o  
210800 seconds f o r  n o n s e l f - r e o r q a n i z a t i q n ,  
250000 s  - Node 13 f a i l s .  
Node 16 f r e e  r u n s  u n t i l  250300 seconds a t  w h i c h  t i m e  
i t  r e f e r e n c e s  Node 15 i f  u s i n g  s e l f - r e o r g a n i z a t i o n .  
I t  f r e e  r u n s  t o  271600 seconds i f  u s i n g  n o n - s e l f  
r e o r g a n i z a t i o n .  
M o n i t o r :  Nodes 5, 6 ,  7 ,  2,  11, 13, 16, 17 ,  15, and 3 
L i n k s  7-5,  1-6,  1 -7 ,  6-2, 5 -11 ,  1-13,  13-16,  16-17, 
14-15, and 2-3.  
T a b l e  4 
F e a t u r e  C o m b i n a t i o n s  f o r  S i m u l a t i o n s  
1. D i r e c t e d  c o n t r o l  w i t h  Type 1 l o o p  ( m u t u a l  sync  l o o p  p a r a m e t e r s ) .  
2. D i r e c t e d  c o n t r o l  w i t h  Type 2 l o o p .  
3. M u t u a l  c o n t r o l  w i t h  e q u a l  w e i g h t i n g .  
4. M u t u a l  c o n t r o l  w i t h  u n e q u a l  w e i g h t i n g .  
5 .  M u t u a l  c o n t r o l  w i t h  a  m a s t e r  and e q u a l  w e i g h t i n g .  
6. M u t u a l  c o n t r o l  w i t h  a  m a s t e r  and  unequa l  w e i g h t i n g .  
7. M u t u a l  c o n t r o l  w i t h  d r o p o u t  s m o o t h i n g  (and e q u a l  w e i g h t i n g ) .  
8. D i r e c t e d  c o n t r o l  w i t h  Type 2 l o o p  and doub le -ended .  
9. M u t u a l  c o n t r o l  w i t h  e q u a l  w e i g h t i n g  and doub le -ended .  
10. M u t u a l  c o n t r o l  w i t h  a m a s t e r ,  u n e q u a l  w e i g h t i n g ,  d r o p o u t  s m o o t h i n p ,  
and  d o u b l e - e n d e d .  
11. D i r e c t e d  c o n t r o l  w i t h  d o u b l e - e n d e d  and  i n d e p e n d e n c e  o f  measure -  
ment and  c o r r e c t i c n .  
12. D i r e c t e d  c o n t r o l  w i t h  doub le -ended ,  independence  o f  measurement 
and c o r r e c t i o n ,  and  phase r e f e r e n c e  c o m b i n i n g .  
SELF-ORGANIZING RUNS 
13. D i r e c t e d  c o n t r o l  w i t h  Type 2. 
14. D i r e c t e d  c o n t r o l  w i t h  doub le -ended .  
15.  Repeat  Run No. 11. 
16.  Repaat  Run No. 12. 
'
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h a r m f u l  v e r s u s  n o n - h a r m f u l  p r o p a g a t i o n  o f  d i s t u r b a n c e s ,  a  
c r i t e r i o n  o f  h a r m f u l  p r o p a g a t i o n  was d e r i v e d .  T h i s  was p r i -  
m a r i l y  c o n c e r n e d  w i t h  t h e  p r o b a b i l i t y  t h a t  a  d i s t u r b a n c e  
( c l o c k  o r  l i n k )  w o u l d  c a u s e  a  b i t  s l i p  i n  t h e  i n p u t  communi -  
c a t i o n s  c l o c k  r e c o v e r y  l o o p  ( d i f f e r e n t  f r o m  t h e  o u t p u t  n o d a l  
c l o c k )  o f  a  node  down s t r e a m  f r o m  t h e  d i s t u r b a n c e .  T h i s  was 
p r e d i c a t e d  o n  o u r  k n o w l e d g e  o f  t h e  p a r a m e t e r s  o f  t h e  c l o c k  
r e c o v e r y  l o ~ p s  i n  e x i s t i n g  DCS e q u i p m e n t s .  New e q u i p m e n t s  
c a n  be d e s i g n e d  t o  h a n d l e  d i s t u r b a r i c e s  o f  a  g i v e n  s i z e  a n d  
s p e e d  b y  s e l e c t i o n  o f  t h e s e  p a r a m e t e r s ,  a l b e i t  a t  a  p o s s i b l e  
s i g n a l  t o  n o i s e  r a t i o  p e n a l i t y .  The c - i t e r i o n  i s  l i s t e d  
b e l o w :  
' ~ 1  > D e f i n i t e l y  h a r m f u l .  I.,, - 
10-9 A d  1 < l o m 7  P o t e n t i a l l y  h a r m f u l  and  i t  c a u s e s  SNR d e g r a d a t i o n .  
10'l0 121 < U n l i k e l y  t o  c a u s e  o b s e r v a b l e  p r o b l e m s .  
'' < 10-lo No e f f e c t s  o n  s l i p  r a t e  o r  SNR.  lql 
U s i n g  t h i s  c r i t e r i o n  a g a i n s t  t h e  d e s i r a b l e  c h a r a c t e r i s t i c  
" c l o c k  e r r o r s  do n o t  h a r m f u l l y  p r o p a g a t e  t o  o t h e r  n o d e s "  
one  c l o c k  e r r o r  o f  10 -9  p - p  was j u d g e d  t o  b e  p o t e n t i a l l y  
ha rm fu :  t o  some node  o f  t h e  n e t w o r k  u n d 2 r  e a c h  s e t  o f  f e a -  
t u r e  c o m b i n a t i o n s  e x c e p t  t h e  ones  i n d i c a t e d .  I n  t h e  " p r e c i s e  
t i m e  a v a i l a b i l i t y "  c o l u m n  t h e  Y E S  e n t r i e s  do  n o t  mean t h a t  
p r e c i s e  t i m e  i s  a u t o m a t i c a l l y  p r o v i d e d  b y  t h i s  c o m b i n a t i o n  
o f  f e a t u r e s  b u t  r a t h e r  i n d i c a t e  t h a t  t h e  e s s e n t i a :  i n g r e d i -  
e n t s  a r e  p r o v i d e d  t o  s u p p o r t  a n  a d d - o n  u n i t  t o  t h e  n o d a l  
s y n c h r o n i z e r  w h i c h  g i v e s  p r e c i s e  t i m t ,  I n  t h e  c o l u m n  t i t l e d  
" s e l e c t s  new m a s t e r "  t h e  m u t u a l  c o n t r o l  s y s t e m s  u t i l i z i n g  
a   aster node (Runs 5,6, and  10) had  n o  p r o v i s i o n s  f o r  a u t o -  
m a t i c  s e l e c t i o n  o f  a  new m a s t e r  a n d  t h e r e f o r e  w e r e  marked  
w i t h  NO. H o w e . ~ e r ,  a  r e a l  i m p l e m e n t a t i o n  o f  t h i s  c o m b i n a t i o n  
o f  f e a t u r e s  w o u l d  a l m o s t  c e r t a i n l y  r e q u i r e  p r o v i s i o n s  f o r  
a u t o m a t i c  s e l e c t i o n  o f  a  new m a s t e r .  
C o n c l u s i o n s :  
A l l  f e a t u r e s  t e n d  t o  d o  t h e  t h i n g s  w h i c h  t h e y  a r e  l o g i -  
c a l l y  d e s i g n e d  t o  do. They  a l l  p r o v i G e  c o n t r i b u t i o n s  t o  
t h e  a t t a i n m e n t  o f  s u b s e t s  o f  t h d  d e s i r a b l e  c h a r a c t e r i s -  
t i c s .  
D i r e c t e d  a n d  m u t u a l  c o n t r o l  t e n d  t o  p r o v i d e  f o r  a  s y n c h r o -  
n i z e d  n e t w o r k  w i t h  l o n g  t e r m  f r e q u e n c y  a v e r a g e s  a t  e a c h  
node  t h e  same a s  o r  v e r y  c l o s e  t o  t h e  n e t w o r k  f r e q u e n c y .  
A d d i t i o n a l l y ,  d i r e c t e d  p r o v i d e s  f o r  l o n g  t e r m  z e r o  a v e r -  
age  p h a s e  e r r o r  and  c o n t a i n s  d i s t u r b a n c e ;  i n  t h e  b r a n c h  i n  
w h i c h  t h e y  o c c u r  and  o n l y p r o p a g a t e s  then; downwdrd .  
D o u b l e - e n d e d  removes  p a t h  d e l a y  v a r i a t i o n s .  
S m o o t h i n g  removes  u n d e s i r a b l e  l a r g e  f r e q u e n c y  s p i k e s  due  
t o  s t e p  c h a n g e s  i n  r e f e r e n c e  p h a s e .  
M a s t e r  i n  m u t u a l  s y s t e m  p r o v i d e s  d e f i n i t e  n e t w o r k  f r e -  
quency .  U n e q u a l  w e i g h t i n g  i n  m u t u a l  s y s t e m  t e n d s  t o  i m -  
p r e v e  s h o r t  t e r m  a c c u r a c y  b u t  c a n  c a u s e  l a r g e r  t r a n s i e n t s  
w i t h  l i n k  and n o d a l  f a i l u r e s .  
I C E M & C  r emoves  d i s t u r b a n c e s  d u e  t o  i n d e p e n d e n t  c l o c k  
e r r o r s  i n  a  b r a n c h  o f  n o d e s .  
? h ? s e  r e f e r e n c e  c o m b i n i n g  i s  e f f e c t i v e  i n  c o m b a t i n g  
measu remen t  j i t t e r  a n d  a l s o  d e c r e a s e s  e x p e c t e d  p e r c e n t a g e  
o f  t i m e  t h a t  nodes  may b e  w i t h o u t  a r e f e r e n c e  d u r i n g  
p e r i o d s  o f  s t r e s s .  
The s i m u l a t i o n s  w e r e  p e r f o r m e d  w i t h  l i m i t e d  n e t w o r k  s i z e  
and c o n n e c t i v i t y  and  f o r  v e r y  l i m i t e d  r u n  t i m e .  W i t h  
l a r g e r  n e t w o r k s  a n d  c o n n e c t i v i t y  and  much l o n g e r  r u n  t i m e  
t h e  e x p e c t e d  b e n e f i t s  f r o m  t h e  a d d i t i o n a l  f e a t u r e s  w i l l  
be  a c c e n t u a t e d .  
P r o v i s i o n s  f o r  a d d i t i o n a l  f e a t u r e s  ( o v e r  a n d  a b o v e  m u t u a l  
o r  d i r e c t e d  c o n t r o l )  does  n o t  seem e x c e s s i v e  i n  t h a t  
o v e r h e a d  d a t a  r e q u i r e m e n t s  a r e  q u i t e  s m a l l  a n d  p r o c e s s o r  
t i m e  and  s t o r a g e  s p a c e  i s  s m a l l  i r ,  c o m p a r i s o n  w i t h  t h e  
c a p a b i l i t i e s  o f  p r e s e n t l y  a v a i l a b l ~  m i c r o c o m p u t e r s .  
The m o s t  s t r i k i n g  o f  t h e  a d d i t i o n a l  f e a t u r e s  i s  t h e  
d o u b l e - e n d e d  r e f e r e n c e  1  i n k s .  
A l t h o u g h ,  a c c o r d i n g  t o  t h e  d e f i n i t i o n  o f  h a r m f u l  t r a n s -  
i e n t ,  m o s t  o f  t h e  d i s t u r b a n c e s  duc t o  c l o c k  e r r o r s  o r  
p a t h  d e l a y  v a r i a t i o n s  a n d  d r o p o u t s  e x p e r i e n c e d  i n  t h e  
s i m u l a t i o n  w e r e  j u d g e d  t o  b e  n o n - h a r m f u l  t h e s e  e v e n t s  
w e r e  m o s t l y  i s o l a t e d  a n d  t h e i r  a m p l i t u d e s  w e r e  c h o s e n  
t o  r e p r e s e n t  t y p i c a l  e v e n t s .  I n  a  r e a l  s t r e s s e d  e n v i r -  
onment  i t  i s  p o s s i b l e  t h a t  s e v e r a l  s u c h  e v e n t s  c o u l d  
o c c u r  c l o s e l y  e n o u g h  t o g e t h e r  i n  t i m e  and  a t  t h e  c ~ r r e c t  
p o i n t s  i n  t h e  n e t w o r k  t o  b e  h a r m f u l .  The t a b u l a r  summary 
i n d i c a t e s  t h e  c o m b i r ~ a t i o n s  o f  f e a t u r e s  l e a s t  v u l n e r a b l e  
t o  s u c h  t h r e a t s .  
P r e c i s e  t i m e  c a n  be p r o v i d e d  a s  a n  a d d - o n  f e a t u r e  t o  a n y  
scheme o f  c o n t r o l  t h a t  has  a  m a s t e r  and  u t i l i z e s  d o u b l e -  
ended  l i n k s .  The a d d - o n  does  n o t  a f f e c t  t h e  manner  i n  
w h i c h  t h e  n o d a l  s y n c h r o n i z e r  c o n t r o l s  t h e  l o c a l  c l o c k ' s  
p h a s e  and  f r e q u e n c y .  A d d i t i o n a l  f e a t u r e s  may be  u s e d  t o  
i m p r o v e  t h e  a c c u r a c y  o f  a i  s s e m i n a t e d  t i m e .  
W i t h o u t  a  m a s t e r  t h e  n e t w o r k  f r e q u e n c y  o f  t h e  m u t u a l  c o n -  
t r o l  s y s t e m  may wande r  w h i c h  makes i n t e r o p e r a t i o n  d i f f i -  
c u l t .  P r o v i s i o n  o f  a  m a s t e r  i v o u l d  t h e n  d i l u t e  " c l a i m e d "  
s u r v i v a b i l i t y  o f  t h i s  me thod  o f  c o n t r o l .  Ove rhead  i s  
a l s o  r e q u i r e d  t o  a u t o m a t i c a l l y  s e l e c t  a l t e r n a t e  m a s t e r s .  
A d i s t u r b a n c e  o c c u r r i n g  a n y w h e r e  i n  t h e  m u t u a l  c o n t r o l  
n e t w o r k  p r o p a g a t e s  t o  a l l  nodes  o f  t h e  n e t w o r k .  
I n  o r d e r  t o  e n s u r e  n e t w o r k  s t a b i l i t y  i n  a  m u t u a l  c o n t r o l  
s y s t e m  l i m i t a t i o n s  a r e  p l a c e d  o n  t h e  t y p e  o f  n o d a l  l o o p .  
The d i s a d v a n t a g e s  a r e  a s  f o ' - o w s :  
1. Type 1 l o o p  t r a c k s  c 3 n s t a n t  f r e q u e n c y  o f f s e t  w i t h  
n o n - z e r o  phase  e r r o r .  
2 .  Type  1 l o o p  t r a c k s  c 9 n s t a n t l y  d r i f t i n g  c l o c k  w i t h  
n o n - z e r o  f r e q u e n c y  e r r o r  and  c o n s t a n t l y  i n c r e a s i n g  
phase  e r r o r .  
3 .  The a b o v e  t w o  c h a r a c t e r i s t i c s  t e n d  t o  d e g r a d e  t h e  
s h o r t  t e r m  a c c u r a c y  o f  t h e  n e t w o r k .  
4 .  C h a r a c t e r i s t i c  2 .  a b o v e  i n d i c a t e s  n e e d  f o r  s p e c i a l  
p r o v i s i o n s  f o r  d r i f t i n g  c l o c k s ,  s i z e  b u f f e r  f o r  
l i f e t i m e  o p e r a t i o n ,  p e r f o d i c  a d j u s t m e n t  o f  n - ' d r a l  
f r e q u e n c y ,  or  o t h e r  i i ieans. 
E r r o r  h i  t v r y  a t  each  node  i n  m u t u a l  c o n t r o l  s y s t e m  i s  
a  c o m p l e x  f u n c t i o n  i n v o l v i n g  n e t w o r k  t o p o l o g y ,  r e f e r e n c e  
w e i g h t i n g s ,  s t r e s s  e v e n t s ,  and  i n d i v i d u a l  c l o c k  p e r f o r -  
mance a t  a l l  o t h e r  n o d e s  o f  t h e  n e t w o r k .  T h i s  makes 
i t  more  d i f f i c u l t  t o  d e v i s e  a c o n t r o l  s t r a t e g y  C u r i n g  
i n t e r v a l s  when a  r e f e r e n c e  i s  n o t  a v a i l a b l e .  Tbus ,  s u r -  
v i v a b i l i t y  i s  d e c r e a s e d .  T h i s  c o m p l e x  h i s t o r y  a l s o  
l e s s e n s  t h e  u t i l i t y  o f  m o n i t o r e d  p a r a m e t e r s  a t  e a c h  node .  
F i g .  1: I n d e p e n d e n t  C l o c k s  
N e t w o r k  M a d e l  
F i g .  3 :  M u t u a l  C o n t r o l  
N e t w o r k  M o d e l  
F i g .  2 :  D i r e c t e d  C o n t r o l  
N e t w o r k  M o d e l  
F i q .  4 :  D o u b l e  E n d e d  R e f e r e n c e  
L i n k  M o d e l  
F i q .  5 :  J n d e v e n d e n c ~  o f  L i z r k  
E r r o r  I % l e a s u r e n ~ e n t  a n d  
C o r r e c t i n n  r l o d e l  
F i o .  6 .  P h a s e  R e f e r e n c e  
C o m b i n i n g  M o d e l  
R e f .  # l  
R e f .  # N  
---.--- 
I I 
l c e r i u m  1 
I ! c l o c k  
E x t e r n a l  R e f .  
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F i ! , u r e  7 :  F u n c t i o n a l  B l o c k  D i a g r a m  f o r  N o d a l  S y n c h r o n i z e r  
F i g u r e  8 :  B a s e l i n e  Phas! L o c k e d  Loop M o d e l  
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Figure  10 - ??a. ? l o t  for  d i r e c t e l  contra! m t h  type 2 loop 
- . r t h o ~ t  dro?- l r~  srlo3tning and crat i i lg.  
. 'r -1 > t ress  z r e m r l o .  
. . .  , , .  
: igure 15 - Freqbescj PTot for d i rec ted  control  k i t h  double- 
ended, independence of neqsurm?nt and correc-  
t i o n ,  ohase reference ionhining and s e l f  
organir lng.  General stress scsnario ( w i t h  j i t t e r ) .  
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QUESTIONS AND ANSWERS 
MR. DAVID OWOLO, Western Union: 
Most o f  the networks t h a t  both you and Ron touched on today used 
pr imar i  l y  t e r r e s t r i a l  1  inks f o r  ca r r y ing  e i t h e r  con t ro l  o r  reference 
in format ion t o  the various nodes, be they master o r  slave. What 
e f f e c t s  do s a t e l l i t e  transmission l i n k s  have on any o f  the systems 
you have discussed, and are there  any specia l  techniques t h a t  are 
more app l icab le  t o  s a t e l l i t e  l i nked  networks than they are t o  
t e r r e s t r i a l  netwcrks? 
MR. W I  LLIARD: 
I d i d  touch on the f a c t  i n  the f i r s t  phase diagram I showed t h a t  
there  were sate1 1  i t e  l i n k s  assumed i n  three places i n  our network. 
The b i g  phasz var ia t ions ,  the 26 microseconds which I showed on t h a t  
f i r s t  phase p l o t ,  were e s s e n t i a l l y  the r e s u l t  o f  the  d iu rna l  var ia-  
t ior is  o f  the v e r t i c a l  d r i f t  o f  s a t e l l i t e s  i n  the d i rec ted  con t ro l  
path t o  those nodes. 
The use o f  double endedness can v i r t u a l l y  e l im ina te  those slow 
speed va r ia t i ons  and not  only  the  phase va r ia t i ons  b u t  the frequency 
var ia t ions  a lso  disappeared i n  t h a t  second se t  o f  graphs. The sim- 
p l e  use o f  d i rec ted  con t ro l  w i l l  v i r t u a l l y  e l im ina te  the  e f f e c t s  
t h a t  s a t e l l i t e s  have upon the d i s t r i b u t i o n  and t iming. 
DR. HARRIS A. STOVER, Defense Communications Agency: 
Now you have seen, I th ink ,  t h a t  the  mutual i s  not  the  f i r s t  choice 
probably, and whatever choice you make between d i rec ted  con t ro l  and 
mutual, i t  i s  general ly  bene f i c i a l  t o  add the add i t iona l  features 
a f t e r  you have made t h a t  choice. 
